The permeabilization of biological membranes by electric fields, known as electroporation, has been traditionally performed with square electric pulses. These signals distribute the energy applied to cells in a wide frequency band. This paper investigates the use of sine waves, which are narrow band signals, to provoke electropermeabilization and the frequency dependence of this phenomenon.
Introduction
The interaction of the cell membrane with high intensity pulsed electric fields is widely used to provoke the transient permeabilization of the cell membrane in a phenomenon termed electroporation, also known as electropermeabilization. This is routinely used as a technique to incorporate membrane-impermeant molecules into the cell. The most relevant medical applications use this technique in combination with chemotherapeutic agents (Electrochemotherapy) [1] [2] [3] or DNA plasmids (Electrogenetherapy) [4, 5] . Furthermore, when the effect of the electric field causes cell death the phenomenon is called Irreversible Electroporation and it is used for tissue ablation or microbial deactivation among other applications [6] [7] [8] [9] .
Electropermeabilization results from the interaction of biological membranes with an electric field, but it is not the only possible outcome of this interaction. It is widely known that the electric field and the cell membrane can interact by thermal or non-thermal mechanisms producing effects other than electroporation, depending on the characteristics of the applied electric field [10] . Apart from the evident thermal effects, direct electrical forces on cells by dipole interactions, mechanical stress, electrophoretic movements, changes in conformational state of proteins, etc. have been deeply described [11] [12] [13] . These effects depend mainly on the frequency and amplitude of the applied electric field. Moreover, the electrodes, another important part of the system, are also influenced and modified by the electric field. The events at the electrodes such as bubble gas formation, metallic ion release, pH changes, etc. [14] [15] [16] are also dependent on the frequency of the applied electric field and on the current that flows through them [17] .
In this context of complexity, the reader can understand how any attempt of simplification in the electroporation phenomenon must be considered as a step forward in the understanding of its mechanisms. Similar to studies where the complexity of the cell membrane was reduced by using artificial lipid bilayers [18] [19] [20] , it seems reasonable to reduce the complexity of the electric field applied to cells. Regardingshort square direct current (DC) electric pulses to modify cell membrane properties. Although the duration of these square pulses can range from nanoseconds to milliseconds, unipolar pulses of 100 μs are the most utilized, especially for clinical applications [21, 22] . A square waveform is a broadband signal whose energy content is distributed in the frequency domain from DC to a cutoff frequency dependent on the duration of the square pulses, this implies a complex spectrum. On the contrary, the use of alternating current (AC) signals with simple spectral content, like the sine wave signals, should represent a much better option, especially if the goal is to verify if different frequency components of the electric field have overlapped effects on the cell membrane during electroporation. This latter assumption is yet to be demonstrated but would justify the suitability of these signals as a simpler framework of study.
Although theoretically described [23] [24] [25] , few experimental reports have deeply studied the ability of AC signals to cause cell permeabilization [26] [27] [28] . For example, efficient gene transfer and cell fusion was accomplished by superposition of a radiofrequency field and a DC pulse [29, 30] , or more recently, the use of high frequency bursts of bipolar square pulses has been deeply studied for tissue ablation by irreversible electroporation [31, 32] . Also, many theoretical descriptions have predicted the dependency of electroporation on the frequency of the applied electric field based on the calculation of the induced transmembrane potential according to Schwan equation [33] [34] [35] . Surprisingly, as far as the authors know, only one study could clearly show the frequency dependence of electroporation in the frequency band from 0.1 to 300 kHz using sine signals [36] . In that work, the frequency dependence was demonstrated by the increase in the threshold electric field intensity for electroporation with increasing frequency. On the contrary, another study using also sine signals showed controversial results revealing no dependence of electropermeabilization on the AC frequency in the range of 20-160 kHz [27] . Also cell electrofusion revealed a frequency dependence not in accordance with theoretical predictions [30] . Finally, the frequency dependence on the interaction of the electric field, not only with the plasma membrane, but also with the internal structures has been the basis for many studies where the goal was the manipulation the internal organelles [26, [37] [38] [39] .
In the present work, the dependence on electropermeabilization efficacy with the frequency of the electric field was studied using single bursts of pure sine signals. The narrow-band applied electric fields were in the frequency range from tens to hundreds of kHz. The permeabilization of both plasma membrane and the membrane of internal organelles was studied using calcium as a permeabilization indicator. Calcium has been used by many research groups as a sensitive method to detect permeabilization of both internal and external membranes [40, 41] . The interest of using this small molecule is that even small amounts entering the cells can trigger a large response amplified by physiological processes of the cell, such as the calcium-induced calcium-release (CICR), thus allowing to have a very sensitive method. Also, its use is very interesting when studying the possible permeabilization of intracellular structures as it is naturally present in high concentration inside internal organelles such as the endoplasmic reticulum. However, there is some controversy in its use because it has been demonstrated that other processes could also result in the release of calcium in the cell cytosol. Thus care must be taken in the interpretation of the results [42] . Additionally, bipolar square pulses were also used for comparison. Our results were supported by theoretical simulations of the frequency dependent values of the induced transmembrane potential in the plasma membrane and the internal organelles using a double shell model.
Materials and methods

Cells and chemicals
Chinese hamster lung cell line DC-3F was grown in complete medium which consisted in MEM-Minimum Essential Medium (Life Technologies, Saint Aubin, France) supplemented by 10% fetal bovine serum (Life Technologies) and antibiotics (500 U/ml penicillin, and 500 μg/ml streptomycin). Cells were maintained in a humidified atmosphere at 37°C and 5% CO 2 and routinely sub-cultured every two days.
Four hours before the experiments, cells were trypsinized, centrifuged and resuspended in normal culture medium at a concentration of 500 × 10 3 cells/ml. Afterwards, cells were seeded on glass coverslips (11 × 32 mm) in order to allow them to slightly attach to the coverslip surface while maintaining their spherical shape. Fluo-4 AM (λex = 496 nm, λem = 515 nm) which is a fluorescent calcium marker was used as a probe to visualize the variations in the cytosolic calcium concentration as a result of membrane permeabilization. This probe increases its fluorescence > 100 fold upon binding to calcium. Previous to experiments, cells were incubated for 30 min with 5 μM Fluo-4 AM in complete MEM culture medium in a humidified atmosphere at 37°C and 5% CO 2 . Subsequently, the coverslips were washed with PBS (Phosphate Buffered Saline), and the culture medium was replaced by a low conductive electroporation buffer containing 250 mM Sucrose, 1 mM MgCl 2 , 6 mM Hepes (pH = 7, σ = 0.1 S/m). The use of a low conductivity buffer ensured the minimization of some undesired effects such as electrolytic reactions at the electrodes and heating by Joule effect. This last was negligible (≈0.17°C) under the applied conditions. Additionally, the use of a low conductivity buffer was motivated to avoid any current limitation of the pulse amplification system.
Two different conditions were used to study either the electropermeabilization of the plasma membrane or the permeabilization of the membrane of the internal organelles, namely the endoplasmic reticulum. In the first condition, a high concentration of Ca 2+ was added to the extracellular buffer (the low conductive buffer was supplemented with 4 mM Ca 2+ ). Thus, an increase in Fluo-4 fluorescence would be mainly the result of Ca 2+ influx from the external medium. In the second condition, the concentration of calcium in the extracellular space was kept to zero so that an increase in fluorescence can only be detected if calcium is released through the permeabilized membrane of the internal organelles. Particularly, the electropermeabilization of the endoplasmic reticulum, which constitutes the most important store of intracellular calcium, can be detected. In this second condition the low conductive buffer was supplemented with 2 mM (final concentration) of EGTA (ethylene glycol tetraacetic acid) which is a calcium chelator that traps any calcium ion present in the buffer ensuring that no calcium can enter the cell from the extracellular space.
Experimental setup
In order to expose the cells to a sinusoidal electric field of the desired frequency, amplitude and duration, a custom exposure system was developed. In particular, a custom-made amplifier based on the power operational amplifier PA96 (Apex Microtechnology, Tucson, AZ) was designed and built. The signals at the input of the amplifier were synthetized by an arbitrary waveform generator (Agilent 33250A) controlled by a custom LabVIEW program (National Instruments, Inc., Austin, TX) which allowed to control by software the shape of the signal, its amplitude, duration and frequency (see schematic of the setup in Fig. 1) .
The amplified signals at the output of the amplifier were connected to the electric field exposure system which consisted in a glass slide with two parallel thick gold electrodes deposited on its surface. The electrodes had a thickness of 25 μm and were separated by a gap of 300 μm between them (see details in Fig. 1 ). The system was adapted from the device presented in detail in Dalmay et al. [43] .
According to the theory of the dielectric relaxation of biological tissues, we presumed that any change in the response of cell membrane to the electric field should occur in the range between a few kHz and some hundreds of kHz. In previous experiments (data not shown), starting at few kHz, a complete loss of efficacy was observed for frequencies above 200 kHz. In further studies we decided to limit the range to 7 logarithmically separated points starting at some kHz and ending below 200 kHz. The frequencies of the sine signals used for the experiments spanned from 8 kHz up to 130 kHz logarithmically equidistributed following Eq. (1). Single sinusoidal bursts were applied to cells with durations of either 2 ms or 5 ms and electric field peak intensity (E peak ) of 500 V/cm or 600 V/cm. 
Additionally, equivalent bipolar square pulses with the same duration were applied for comparison. In order to have equivalent conditions in terms of energy applied to the samples, we decided to apply the concept of Root Mean Square (RMS) value to calculate the corresponding amplitudes for the square pulses. For a sinusoidal current, the RMS value is equal to the value of the direct current that would produce the same average power dissipation in a resistive load and can be calculated following Eq. (2) (refer to Fig. 2 center insert) .
where V peak is the peak amplitude of the sine wave, and T is the period of the signal. Accordingly, the amplitudes of the bipolar square pulses used for comparison were reduced by a 2 factor with respect to its corresponding sinusoidal equivalent. It is important to note that due to the inversing polarity of a sinusoidal signal, it was considered more correct to use bipolar pulses in the case of the square signals. The square pulses were also generated using the same arbitrary waveform generator and amplifier architecture previously described. The generated waveforms were acquired with a digital oscilloscope (LeCroy WaveMaster 808Zi). In Fig. 2 two temporal recordings of both sine and square signals are shown as an example.
Imaging and post-processing
Just before the electric field exposure, the coverslips containing the cells were placed on the top of the microchamber that had been previously filled with low conductive buffer, cells being thus located inside the channel. The whole exposure system was turned upside down and placed in the stage of an inverted fluorescence microscope (Observer Z1, Zeiss, Germany) with 40 X magnification for the real time observation of cytosolic calcium concentration variations (refer to Fig. 1 ). Images of cells were taken every 5 s with a Zeiss AxioCam Hrc camera for 10 s immediately before, and for 5 min immediately after the electric field delivery. Sequential images were post-processed with ImageJ software and the variations in fluorescence intensity were automatically quantified for each individual cell. Further processing performed in MATLAB (Mathworks Inc.) allowed the determination of the percentage of cells displaying a calcium spike. This percentage was calculated as the fraction of cells exceeding a fluorescence threshold after the electric field delivery. Moreover, for each cell over the threshold the automatic system checked for the shape of the fluorescence variation. Only cells whose maximum in fluorescent was present in the first minute after pulse application (spike or stepped-shaped response) were positively counted. Between 25 and 45 cells on average were analyzed for each experimental point. Additionally, the Area Under the Curve (AUC) was quantified for each individual calcium spike.
Simulations
Calculations of the induced transmembrane potential (iTMP) were performed using a single cell model based on a spherical multilayered structure [44, 45] . Briefly, the model computed the iTMP for both the plasma membrane and the membrane of an internal concentric organelle (i.e. the endoplasmic reticulum ER). The cell model was composed by the inside content of the organelle, the membrane of the organelle, the cell cytoplasm, the plasma membrane, and the extracellular medium considered as separate compartments (see Fig. 3 ). The geometric details of the cell and the electrical characteristics of each compartment are reported in Fig. 3 . Realistic cell dimensions were assessed from confocal microscope images of DC-3F cells (data not shown).
The permittivity of the extracellular medium, cell cytoplasm and internal organelle were fixed as saline solutions as specified in [34, 44] . The conductivity of the extracellular medium was fixed to the measured values of the cell suspending buffer. The rest of values were chosen in the range suggested in Kotnik et al. [23] and Merla et al. [46] (see values in Fig. 3 ). Specifically, for the conductivity of the internal organelle membranes, the value reported in [23] was taken into account, while for the plasma membrane we used values experimentally assessed for the membranes of liposomes (constituted by phospholipid double layers) as reported in [46] . Finally, to simulate the changes in the plasma membrane during electroporation, simulations have been carried out using increasing membrane conductivity values. These values were fixed in the range according to the current literature to a nonelectroporated and an electroporated membrane respectively [47] .
The EM computation was performed under the assumption of quasistatic conditions. In spherical and spheroidal cell domains, it is possible to solve the Laplace equation as explained in [48] and implemented in [44, 49] including a Debye description of cell compartments (using home-made routines implemented in MATLAB). The uniqueness of the EM solution is guaranteed by the associated boundary conditions assuring the continuity of the potential between the different cell compartments as well as the conservation of the normal component of the field at these interfaces. The extracellular electric field was fixed to the applied value of 600 V/cm. In order to simulate the frequency response of the induced TMP, a wideband study from DC up to 10 MHz was performed. Lower insert shows the relation between the peak (V peak ), peak to peak (V pp ) and RMS (V RMS ) amplitudes defined in a sine wave. T. García-Sánchez et al.
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3. Results and discussion
Permeabilization of plasma membrane
As explained in Section 2.1, for this set of experiments the extracellular low conductivity buffer was supplemented with calcium so that the detection of a calcium spike responds to the influx of calcium from the extracellular space resulting from the permeabilization of the cell membrane. A cell was counted as positively permeabilized as long as its fluorescence exceeded a certain threshold after pulse application. Additionally, only cells whose fluorescence reached a maximum after pulse application were considered permeabilized. Fig. 4A , B and C show the percentages of permeabilization obtained for three different pulsing conditions using sine waveforms of different frequencies. A minimum of n = 3 experiments performed at least in two different days are pooled together. Error bars correspond to ± SD (standard deviation). Between 25 and 45 cells were analyzed in each experiment.
In Fig. 4A a single sinusoidal burst of 5 ms duration and E peak of 600 V/cm was applied with the different frequencies under study. The results show how the percentage of permeabilized cells displays a plateau in the low frequency band (up to 50 kHz) where almost all cells are permeabilized (mean value of around 95%). This percentage drastically decreases with frequency and the efficiency of electroporation is zero for frequencies above 130 kHz. Additional tests performed at a frequency of 200 kHz showed persistently zero % of cells permeabilized (results not shown).
In Fig. 4B similar data are shown but with a lower electric field intensity applied (E peak = 500 V/cm). As expected, the percentage of electropermeabilized cells is reduced as the intensity of the electric field decreases. For cells exposed to frequencies below 50 Hz, about a 20% of reduction in the percentage of permeabilized cells is measured with respect to the previous case. Under this condition, the decay in the permeabilizing efficacy of the sinusoidal field becomes significant already at 50 kHz. However, on average, the frequency response is similar to the previous condition since dotted (previous condition) and solid lines keep an overall parallelism. Data in Fig. 4C correspond to experiments where the duration of the electric field exposure was reduced to 2 ms while maintaining an electric field E peak of 600 V/cm. Similar to the previous case, the number of permeabilized cells is lower than in the first condition. Around a 20% reduction is quantified. In this situation the frequency behavior stays fully in agreement with the first results; the plateau in the efficacy of the electric field is maintained constant until a frequency of 50 kHz and is significantly reduced for frequencies above.
In order to confirm that a saturation effect in the frequency response may exist, meaning that even if the energy delivered to cells is further increased, there exists a loss of efficiency of electric field for the high frequencies, supplementary experiments with a burst duration of 100 ms and E peak of 600 V/cm were performed (see Supplementary Fig.  S1A ). These results show that there is indeed such a saturation phenomenon and even increasing the duration of pulses by 20 fold, a similar frequency response is obtained. This observation confirms that, independently of the amount of energy delivered to the cells, electroporation only takes place if the interaction of the oscillatory electric field with the plasma membrane is effective.
Additionally, we can ensure that the chosen parameters for duration, and amplitude of the electric field are near to the optimal maximum permeabilization efficiency for these experimental conditions. As observed, a slight reduction in the amplitude or duration of the applied burst has an immediate effect in the decrease of electroporation occurrence, meaning that the field applied to cells is not excessive. Furthermore, the time courses in the variation of cytosolic calcium concentration (see examples in Fig. 4D ) also suggest that the electric field application is not causing massive disruption of plasma membrane. As shown, the cells are able to pump out the excess of calcium from the cytoplasm accumulated after electropermeabilization suggesting that the plasma membrane can recover after pulses. However, the same type of data corresponding to much longer exposure times (see Supplementary S1B) suggest that irreversible damage to cell membrane maybe caused in the low frequency band under these more drastic conditions.
Additionally, previous data from our team allow us to ensure that the increase of cytosolic calcium coming from the extracellular space is not due to the activation of voltage operated calcium channels (VOCC's) in the plasma membrane [50] . This family of channels, activated by membrane depolarization, would lead to calcium entry due to an increase in the transmembrane potential. Although these channels are numerous in electrically excitable cells they can be also found in other cell types. According to our previous study, using traditional 100 μs high intensity square pulses the inhibition of these channels did not affect the occurrence of calcium spikes after the electric pulses confirming that they are not implied in the increased entry of calcium from the external buffer.
These first results confirm the ability of sinusoidal electric fields to cause successful permeabilization of the plasma membrane in the studied frequency range. As predicted by the theory, the frequency dependence in the electroporation efficiency for a sinusoidal field follows a low pass filter behavior [23, 25, 35, 36, 51] . At low frequency, the lipid bilayer has a low ionic permeability and is considered a thin insulating shell surrounded by ionic solutions. In this situation, cell membrane is polarized and an induced transmembrane potential (iTMP) rises upon electric field exposure. Starting from frequencies in the kHz range capacitive coupling allows the electric field penetrating the intracellular space and at sufficiently high frequency, the current can freely flow through the membrane, what results in the abolishment of the iTMP. This explanation is in agreement with the classical electroporation models that consider electroporation as a membrane charging-dependent phenomenon [52] [53] [54] . At sufficiently high frequencies negligible net ionic charge accumulates at both sides of the membrane leading to a situation where electroporation is no longer possible. However, depending on the intrinsic parameters of a specific biological system, such as the extracellular and intracellular conductivities, membrane capacitance, cell radius, etc., the charging time and thus the frequency response of the cells can be different [45] . This is perfectly reflected in the measurement of the dielectric parameters of different biological tissues in the frequency domain. In the radio frequency band, around the so-called β dispersion (usually from 1 kHz to 1 MHz) the frequency behavior of different tissues has shown clear differences [55, 56] . 
Intracellular effects
In the following set of experiments, calcium was eliminated from the extracellular buffer by addition of a calcium chelator (EGTA). In this way, the presence of a calcium spike in the cytoplasm would necessarily result from a release from the internal organelles where calcium is stored, mainly the endoplasmic reticulum (ER), which constitutes the most important internal store of calcium [57] . Previous studies applying nanosecond electric pulses already demonstrated that the intracellular calcium mobilized after electric field exposure mainly came from ER [41, 58] . A recent study performed in DC-3F cell line and similar experimental conditions to this study showed that if ER stores were depleted using thapsigargin, 100 μs pulses did not provoke a calcium spike in the absence of extracellular calcium [50] . Equivalent exposure conditions to the ones used in Section 3.1 were applied in this new set of experiments. In Fig. 5A , B and C the percentages of peak positive cells are depicted for each condition and in Fig. 5D the time evolution of the intracellular calcium concentration for 5 min after pulse application is also shown for the same three example frequencies that in the previous set of experiments.
As observed, the frequency response in this set of experiments displays again a low pass filter behavior. For a burst of 5 ms and E peak = 600 V/cm the obtained percentages are constant and around 85% in the low frequency band up to 50 kHz; subsequently this percentage reduces rapidly for higher frequencies to < 20%. For the condition where the electric field intensity is reduced to E peak = 500 V/cm this percentage stays around 55% for frequencies below 30 kHz and reduces drastically for the frequencies above. In the last condition (Fig. 5C ), corresponding to a reduction in the burst duration to 2 ms, the obtained values are around 75% up to 50 kHz and reduce for higher frequencies.
As shown in Fig. 5B , when the amplitude of the electric field is reduced from 600 to 500 V/cm, there is a reduction of around 30% in the percentages obtained in the low frequency band. On the contrary, when duration is reduced instead, (from 5 to 2 ms, Fig. 5C ), the decrease in the number of cells displaying a calcium spike is only around 10% on average. This suggests that, for the chosen parameters, there is a much stronger dependence on the intensity of the electric field. This dependency is also displayed at high frequency. In the first (5 ms-600 V/ cm) and last (2 ms-600 V/cm) conditions, the rates stay similar up to 50 kHz and they drastically decrease at 80 kHz. By contrast, the corresponding result for the condition in Fig. 5B , where amplitude was reduced to 500 V/cm, shows that the most significant decrease in efficacy takes place at a lower frequency, 50 kHz instead of 80 kHz.
These experiments suggest the ability of sinusoidal waves to cause permeabilization also of the internal cell stores with similar parameters than those needed to permeabilize the external membrane. However, although this is the most plausible explanation, there are controversial results trying to elucidate if the increase of intracellular calcium when cells are exposed to a permeabilizing electric field in free calcium buffers is a direct reflect of reticulum permeabilization, or if it is the consequence of an indirect release of calcium caused by cell signaling. It has been recently demonstrated that a mechanism for nsEP-induced release of intracellular Ca 2+ is the generation of inositol trisphosphate (IP 3 ) in the cytoplasm after phosphatidylinositol 4,5-bisphosphate (PIP 2 ) hydrolysis which triggers the release of calcium from the ER [59] . However, other studies demonstrated that, even when the calcium induced-calcium release (CIRC) IP 3 R receptors were blocked, a release of calcium from the ER was still detected using also nanosecond pulses [41] . Another recent study confirmed the electropermeabilization of inner membranes by using inhibitors for IP 3 R and ryanodine receptors (RyRs) and using 100 μs pulses [50] . Although these studies support the idea of internal membranes permeabilization, and the results of the present study are also compatible with it, we cannot however reject the possibility of an additional signaling pathway for the obtained increase in intracellular calcium detected.
Finally, the examples for the evolution of the cytosolic calcium concentration at three different frequencies shown in Fig. 5D compared to the experiments in the presence of extracellular calcium (Fig. 4D ) display some differences. Although the dynamics are similar, it can be noticed that at 8 and 20 kHz the maximum in fluorescence under the presence of extracellular calcium is displayed immediately after pulse, while in the conditions without calcium the fluorescence increases for about 20 s after exposure. This observation is less evident at 80 kHz. As discussed above, we cannot reject the possibility of an indirect signaling mechanism implied in the release of extracellular calcium that could be responsible for this difference. However, in other previous studies, where the major calcium channels were inhibited, Ca 2+ rise dynamics were indeed different and dependent on the level of permeabilization and the source of Ca 2+ (extracellular or intracellular) [60] . The observed difference could be explained because in the experiments with extracellular Ca 2+ , there are two different sources supplying calcium to the cytosol (extra/intra cellular reservoirs). Additionally, in the extracellular compartment the availability of calcium and the concentration gradient are much higher than in the reticulum. These reasons explain a faster diffusion of Ca 2+ to the cytosol from the extracellular space through the plasma membrane.
Considering our results as a reflect of electropermeabilization of the internal membranes, the observed low pass filter frequency response is not in agreement with the theoretical predictions where a band pass filter behavior is usually assigned for the intracellular membranes [23, 24] . The mismatch found between our observations and the theory is discussed in detail in Section 3.5.
Area under the curve
An alternative analysis is presented in this section to give a qualitative idea of the changes in the extent of permeabilization with frequency. During the analysis of the data it was noticed that, for increasing frequencies, not only less cells were permeabilized but also that, the dynamics in the evolution of the fluorescence after pulse were different (lower amplitude of the fluorescence peak and shorter time to return to the fluorescence basal level). This was observed even for frequencies where the obtained rate of permeabilization was similar. To account for this observation, the Area Under the Curve (AUC) for each calcium spike detected was measured. Although maybe obvious, it is important to emphasize that this quantification was only performed in cells that displayed a calcium spike, i.e. cells that were permeabilized.
AUC measurement combines the complementary information about the initial amplitude of the calcium spike and the temporal evolution of the decrease of calcium in the cytoplasm. In Fig. 6A an example for the measured area is shown for both sets of experiments (with or without calcium in the extracellular buffer). It must be emphasized that the use of Fluo-4 AM molecule, which is a non-ratiometric calcium indicator, does not allow the calculation of the real calcium concentration and thus, the information provided by this parameter should be taken just in a qualitative way. Fig. 6B and C depict the frequency dependence of the AUC for the same conditions shown in the previous sections. As observed, a monotonous decrease with increasing frequency is obtained in all cases. It is interesting to notice the similarity in the values obtained for the two conditions corresponding to an applied E peak of 600 V/cm and different durations (5 and 2 ms) while the condition where E peak = 500 V/cm provides always lower values. In contrast to the results previously shown, the plateau in the lower frequency band is no longer present in this analysis. This difference can be explained based on the fact that the information provided by the rates of permeabilization is binary, since only two possible states of permeabilization are possible (permeabilized or not). On the contrary, the AUC estimation provides a more gradual qualitative idea of the permeabilization extent. When cells are less permeabilized, they display lower amplitude calcium peaks and additionally these peaks are shorter in duration. These results suggest that, in fact, in the frequency range under study, the higher the frequency, the lower the effect of the electric field.
Additionally, comparing Fig. 6B and C, a lower AUC is systematically obtained for experiments where the only possible source of calcium are the internal stores. This could be explained based on different considerations. First, as discussed above, in the presence of extracellular calcium, we should expect a higher amount of calcium diffusing to the cytoplasm from a very large reservoir, the external medium. Moreover, in these experiments the calcium detected in the cytoplasm emanates both from the extracellular space but also from the permeabilized internal stores. On the contrary, in the absence of extracellular calcium the only sources of calcium are the internal organelles. Second, it can be noticed a significantly faster recovery of calcium to pre-pulse levels for the experiments without calcium in the external buffer (compare Figs. 4D and 5D ). In the present experiments, the most plausible explanation for the different dynamics observed is the calcium concentration gradient between the cytoplasm and the extracellular space. Under the same pulsing conditions, for experiments in the absence of extracellular calcium the gradient is higher, which makes calcium to diffuse more easily out of the cell through the permeabilized membrane after pulsing. This involves a faster removal of calcium from the cytosol in accordance with a lower measured AUC in the experimental observation time.
Bipolar square wave permeabilization
Finally, a single bipolar square pulse with the same duration and equivalent V RMS amplitude (reduction by 2 factor) was applied for comparison. Experiments were also performed in the presence or absence of external calcium to study separately the permeabilization of the plasma membrane and the internal organelles The goal of these experiments was to study if the use of sine waves provides equivalent permeabilization efficiency than square pulses both in the plasma membrane and internal organelles.
In Fig. 7A the amplitude spectra of the bipolar square pulse and the sine waves were calculated from oscilloscope recordings using a rectangular observation window of 50 ms duration. As observed, the distribution in the frequency content of both type of signals is quite different. As expected, the spectrum of the sine bursts provides single spectral peaks with all the energy concentrated in a very narrow band. On the other hand, the bipolar pulse distributes most of the applied energy around its fundamental frequency but in this case it is significantly widespread. It is interesting to stress that, contrary to unipolar square pulses, the inversing polarity of the square pulses used involves a quasi-zero DC component. In both cases the fact that single bursts were applied prevents the apparition of harmonics associated with the application of trains of repetitive pulses what makes the frequency analysis more precise and simple. Fig. 7B , C and D (left panels) show the percentages of permeabilization obtained using a single bipolar square pulse for equivalent conditions to the sine waves experiments. In Fig. 7B (5 ms and E peak = 600/√2) around 95% of cells displayed the permeabilization of their plasma membrane and this percentage was reduced to 85% for the permeabilization of the internal organelles. In Fig. 7C (5 ms and E peak = 500/√2) these values were significantly reduced to around 50% and 40% for the plasma membrane and internal organelles, respectively. Finally, in the last condition (2 ms and E peak = 600/√2) the rates of permeabilization in both cases were very similar with a difference of around 5% (values of 72% and 67% respectively).
Comparing to the results obtained with sine waves (depicted in the right panels of Fig. 7) with an E peak = 600 V/cm, and regardless the duration, the efficiency of electroporation matches perfectly to the equivalent square pulse condition (Vrms equivalent A/√2) both in the permeabilization of the plasma and internal organelles membranes ( Fig. 7B and D) . Also the quantification of the AUC provides values similar to those obtained with the lowest frequency sine signal (data not shown). This confirms the proposed equivalence, in the sense of RMS delivered energy, between sine and bipolar square pulses under these conditions. Previous authors explained the equivalence in the electroporation outcomes of different pulse shapes based on the concept of time over the critical threshold [61] . Interestingly, although this previous study did not mention or considered the RMS concept, the analysis of their comparative results between square and sine pulses perfectly follows the rule of RMS equivalence proposed herein.
However, in the present study the results obtained for an E peak = 500 V/cm (square RMS value ≈ 350 V/cm) (Fig. 7C) are in clear disagreement with the proposed RMS equivalence. In this last condition, sine waves display a much higher efficiency of permeabilization. The observed mismatch can be explained if we hypothesize that for this condition, the square pulse intensity is near to the critical electroporation value. Under this assumption, the sine wave exceeds this threshold in every cycle, even for a short time, while the square pulse stays around this value (see schematic in Supplementary S2). Consequently, the RMS equivalence is only valid once the electroporation threshold is sufficiently exceeded.
Theoretical calculations
In order to better understand the results obtained, we made use of a theoretical model to simulate the dependence of the iTMP with the T. García-Sánchez et al.
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In many theoretical models the membrane conductivity is introduced as a static value corresponding to a nonconductive intact membrane. However, many other studies have experimentally measured and modeled the fact that plasma membrane conductivity rapidly increases by several orders of magnitude upon electroporation [47, [62] [63] [64] . Especially in our experimental setup, where relatively long duration pulses are applied, this parameter should be treated as dynamically changing during electric field application. For the same cell line used in this study, a recent paper showed the evolution of conductivity during millisecond pulses using the voltage-clamp method [65] .
The 3D plot in Fig. 8 shows the results for the evolution in the calculated iTMP for both the plasma membrane (black) and the membrane of an internal organelle (red) for the given frequency range. Notice that the values of the iTMP are in the range usually described for causing cell permeabilization. The results are shown for different values of plasma membrane conductivity (σ m ), while the internal membrane conductivity was fixed to the same value in all simulations. Additional 2D plots for the initial situation, where the conductivity of the plasma membrane is very low (σ m = 10 −7 S/m), and for a permeabilized plasma membrane (σ m = 10 −2 S/m) are shown in Fig. 8 insets A and B respectively. According to these calculations, the variation of the membrane conductivity in the model clearly influences the frequency response of both external and internal structures. In the initial situation (non-permeabilized membrane), as expected, the outer membrane experiences most of the potential drop across its boundary at low frequency. This value stays in a plateau up to a certain frequency and gradually decreases with increasing frequency producing the wellknown low pass filter response of plasma membrane. Under this condition the response of the iTMP in the internal organelle follows a band pass filter behavior with values much lower than for the plasma membrane. This situation is fully in agreement with the experimental data obtained for the plasma membrane, however, the response for the permeabilization of the internal membranes does not match with our experimental observations. If we now take into account the changes in plasma membrane due to permeabilization, the previous situation is gradually inversed as the conductivity of the external membrane increases allowing the internal iTMP to reach values over the threshold of permeabilization. It is especially interesting to observe how the frequency response of the internal organelle membrane evolves from a band pass behavior to a low pass response. These results demonstrate how the observed permeabilization in the internal membranes is the result of a two-step process. Once the plasma membrane is permeabilized, it acts no longer as an insulator allowing the electric field to have access to the cell inside. Previous models already proposed this as a mechanism for the manipulation of internal organelles [38] . In the simulation reported here, the frequency-dependent behavior of an internal organelle completely changes from the initially predicted behavior and becomes a low pass filter. The experimental results obtained for the permeabilization of the internal membranes are fully in agreement with this new situation.
The comparison between the frequency response of the plasma membrane and the membrane of the internal structures for the equivalent conditions depicted in Fig. 7 (right panels) still shows some differences. Namely, it can be observed how the cutoff frequency, that is the frequency where the efficiency of permeabilization is drastically reduced, is systematically lower for the internal organelles. For example, in Fig. 7B (right panel) the percentage of cells whose plasma membrane is permeabilized at 80 kHz is around 70% while, under the equivalent condition, only < 20% display permeabilization of the internal organelles. The same behavior is observed for the other two electric field exposure conditions.
To explain this observation, in Fig. 9A the simulation results of the external and the internal iTMP are plotted together for a nonconductive (σ m = 10 −7 S/m) and a conductive (σ m = 10 −2 S/m) membrane, respectively. Additionally, the experimental results for the rates of permeabilization of the external and internal membranes for the corresponding simulation parameters (5 ms-600 V/cm) are also depicted in the same figure. It can be observed how the calculated iTMP for an internal organelle displays systematically lower values and a lower cutoff frequency than that of the plasma membrane. Making the assumption that the threshold for permeabilization is similar in both membranes (see blue line in Fig. 9 ), at low frequencies most of the cells display a calcium spike as the iTMP is above the threshold of permeabilization. However, at a frequency of 80 kHz the predicted iTMP for the plasma membrane stays above the threshold of permeabilization while the value for the internal organelle drops below this threshold (see arrows in Fig. 9A ). The results given by the theoretical simulation perfectly describe the experiments observations and justify why a lower cutoff frequency is obtained in the experiments studying the permeabilization of internal organelles. Nevertheless, there is apparently an important mismatch between the gradual decrease of the calculated iTMP and the steep slope of the experimental data in the frequency band studied. This difference can be explained considering the AUC information. As previously stated, the information provided by the permeabilization rates is the binary response of cells to the electric field (over or under the threshold). By contrast, if the information given by the AUC is used instead (see Fig. 9B ), the experimental data perfectly reflect the gradual decrease in the iTMP. These results support the fact that, once the cells are over the threshold of electropermeabilization, a higher value of the iTMP is translated in a higher extent in the modifications produced in the exposed membrane.
Finally, considering the spectral content of square and sine signals (see Fig. 4A ), sine waves of the appropriate frequency could be more effective in the permeabilization of the internal organelles (refer to Fig. 8A ). Indeed a previous study theoretically suggested that for a certain set of parameters it could be feasible to exceed the iTMP in the internal organelle compared to the plasma membrane [23] . However, our simulations show that if the change in plasma membrane conductivity is considered, the frequency response of the iTMP in the internal organelle completely changes to a situation were similar efficacy should be found for square pulses and sine waves. This theoretical result is confirmed by our experiments.
Conclusions
The present paper presents a systematic study of the effects of sine waves in the kHz range on electropermeabilization. Using calcium as a marker of permeabilization it was possible to assess the effects of the AC T. García-Sánchez et al.
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electric field on the membranes of cells. Additionally, equivalent square pulses were also used for comparison.
The results for the rates of permeabilization in the plasma membrane show a dependence on the frequency of the sinusoidal electric field according to a low pass filter behavior. This observation is in agreement with the predicted evolution with frequency of the iTMP in the radiofrequency band shown in the simulations. According to our results, the frequency of the sine wave applied could be used as a new tool for controlling electroporation efficiency.
The study of the possible intracellular effects of the electric field reveals also a low pass filter behavior in opposition to classical theoretical predictions that usually assign a band pass behavior. As far as the authors know, this is the first time that the frequency response for the permeabilization of the internal membranes is assessed experimentally. We suggest that the observed results are the result of a twostep process. First, the external membrane is permeabilized and subsequently the internal membrane is affected by the electric field. This hypothesis is confirmed by the simulations considering changes in the conductivity of the plasma membrane.
The comparison in the efficiency of electroporation with bipolar square pulses with amplitude equal to the sinusoidal V RMS values demonstrate equivalent outcomes. This confirms that there is an equivalence in terms of average power applied to the cell membrane between these two signals. In particular, we suggest that this equivalence is only valid if the threshold of permeabilization is exceeded. We propose that the use of sine waves, with a very well-defined narrow frequency band would allow a better uncoupling of the possible different effects of the electric field during electroporation. We think that the use of sine waves should be adopted as a step forward in the understanding of the very complex phenomenon of Electroporation.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.bbamem.2018.01.018.
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